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Introduction
Breast cancer has emerged as the most common malignancy observed in females worldwide. It has become the leading cause of cancer death among females, accounting for 23% of the total cancer cases and 14% of the cancer deaths [1, 2] . Estrogen is an important regulator for growth and differentiation of the normal mammary gland as well as the malignant progression of about 70% of breast cancer. It exerts its biological effects through binding to the estrogen receptor (ER) which is a transcription factor and controls cell proliferation and differentiation [3, 4] . Like other steroid hormone receptors, the ER modulates its downstream effects by transcriptional regulation of target genes. During the past years, targeting the ER has been the cornerstone for the treatment of ER-positive (ER (+)) breast cancers [5] . A recent study suggests that short-term estradiol treatment confers protection against breast cancer by targeting major cell signaling pathways such as JAK2 and STATs [6] . However, approximately 30% of all breast cancers lack detectable ER protein (ER-) and are rarely responsive to hormonal treatment with a more aggressive clinical course [7] . Therefore, it is urgent to develop new and effective targeted therapies for ER (-) breast cancer.
It is generally believed that tumorigenesis in the breast cancer is a multistep process regulated by aberrantly protein expression and alterations of morphological and molecular features during malignant progression [8] [9] [10] . One such change is the loss of epithelial properties, which suggests the initiation of epithelial-mesenchymal transition (EMT). Increasing evidences demonstrate EMT has been recognized as a critical procedure regulating the chemoresistance properties of breast cancer [11] .
Eukaryotic translation initiation factor 5A2 (eIF5A2), one isoform of eIF5A, has been identified as a novel oncogene in ovarian cancer [12] . A recent study examined the eIF-5A2 expression and doxorubicin sensitivity in human breast cancer cell lines and demonstrated that eIF-5A2 played an important role in doxorubicin chemoresistance in breast cancer [13] . Inhibition of eIF5A2 by N1-guanyl-1, 7-diaminoheptane (GC7), an inhibitor of deoxyhypusin synthase (DHS), exerts obvious anti-tumor effects in human cancer cells [14] . Moreover, numerous studies demonstrated that eIF5A2 exerted great impact on EMT progression in many cancers by transcriptional regulation of different downstream molecules, such as hepatocellular carcinoma, colorectal carcinoma and bladder cancer [15, 16] . However, the relationship between eIF5A2 and EMT in breast cancer cells has not been investigated. Therefore, in the present study, we examined the anti-tumor effects of doxorubicin-based treatment combined with GC7 in breast cancer cells. In addition, we explored the underlying mechanisms of the combined therapy, and showed that eIF5A2 inactivation induced by GC7 suppressed doxorubicin-induced EMT in breast cancer cells.
Materials and Methods

Cell culture and reagents
Human breast cancer cell lines MCF-7, HCC1937, and Bcap-37 were purchased from the ATCC (Manassas, VA, USA) and cultured in DMEM (Gibco, Carlsbad, CA, USA) supplemented with 10% FBS and 1% penicillin⁄streptomycin. All cells were maintained at 37°C in 5% CO2 incubator. Doxorubicin and GC7 were purchased from Sigma-Aldrich (St. Louis, MO, USA). The eIF5A2 siRNA and negative control siRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
CCK-8 assay
Breast cancer cells or siRNA-transfected breast cancer cells were seeded onto 96-well plates at 3000 cells⁄well. The medium was replaced with the corresponding serum-free medium for 24 h to synchronize the cell cycle, then serum-free medium was replaced with complete medium containing the drugs at the indicated concentrations for 48 h. Then Liu et 
EdU incorporation assay
Cell viability was calculated as a percentage of untreated control. Measurement of inhibitive rate of cell proliferation was carried out using a Click-iT EdU Imaging Kit (Invitrogen, Carlsbad , CA, USA) following the procedure previously described [17] .
siRNA transfection Cells were transfected with eIF5A2 siRNA or negative control siRNA using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. The transfection medium (Opti-MEM; Gibco ) was replaced with complete medium 12 h after transfection, and the cells were incubated for the indicated times.
Western blot analysis
Breast cancer cells were lysed in 50μl cell lysis buffer ( Cell Signaling, Danvers, MA , USA) containing protease inhibitors (Sigma). The protein concentration was quantified using the BCA Protein Kit (Thermo, Rockford, IL, USA). Cell lysates were separated by 10% SDS-PAGE and proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were then incubated with primary antibodies (E-cadherin, Vimentin or eIF5A2, diluted 1:1000; Abcam, Cambridge, USA) at 4℃ overnight. The membranes were washed three times with TBS/T and then incubated with the appropriate HRP-conjugated secondary antibodies for 1 h at room temperature. Protein expression was detected by chemiluminescence (GE Healthcare, Piscataway, NJ, USA).
Immunofluorescence
Breast cancer cells or siRNA-transfected cells were seeded into 48-well plates at 6000 cells⁄well. Cells were fixed with 4% formaldehyde for 15 min, washed with PBS, treated with 5% BSA for 30 min at room temperature, and incubated with mouse anti-human vimentin or anti-human E-cadherin primary antibodies (Cell Signaling Technology) at 4°C overnight. The cells were incubated with goat anti-mouse FITC-conjugated secondary antibody (Abcam) at 4 °C for 2 h, incubated with DAPI (Sigma-Aldrich) for 2 min at room temperature, washed twice with PBS, and observed using an inverted fluorescence microscope (Olympus, Tokyo, Japan).
Measurement of eIF5A2 activity
Formation of hypusinated eIF5A2 is essential for eIF5A2 maturation. The activity of eIF5A2 was measured by counting the radioactivity of 3 H-labelled spermidine. In brief, breast cancer cells were incubated with [1, H]-spermidine (10 μCi/mL; Perkin-Elmer/NEN, Boston, MA, USA) for 48 h. Cells were precipitated in 10% trichloroacetic acid containing 1 mM unlabeled spermidine and spermine and washed three times. The trichloroacetic acid precipitate was used for SDS-PAGE and the radioactivity of hypusinated eIF5A2 was determined by fluorography.
Statistical analysis
Data were presented as the mean±SD. Statistical analysis was carried out using PRISM 5 (GraphPad, San Diego, CA, USA). The effects of combined treatment were compared using two-way ANOVA, followed by Bonferroni's post-hoc test. Analyses for two groups comparing were carried out using Student's t -tests. A P-value < 0.05 was considered statistically significant.
Results
Low concentrations of GC7 have little effect on breast cancer cell viability
Firstly, CCK-8 assay was performed to determine the appropriate concentration of GC7 for combined treatment with doxorubicin. A series of GC7 concentrations ranging from 0~50 µM were incubated with three breast cells lines (HCC1937, Bcap-37 and MCF-7) and data from CCK-8 assay showed that GC7 exerted little cytotoxicity in cancer cells between 0 and 5 µM. However, higher concentrations of GC7 (10, 20, 50 µM) significantly inhibited the viability of the three cell lines (Fig. 1A-C) . Therefore, 5 µM GC7 was used for further Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry coadministration with doxorubicin. To confirm the status of ER expression, western blot was used to detect the ER expression in three different cell lines. Results showed that HCC1937 was ER-negative, while MCF-7 and Bcap-37 were ER-positive (Fig. 1D) .
GC7 enhanced the cytotoxicity of doxorubicin in ER-negative breast cancer cells
To evaluate the synergistic cytotoxic effect of doxorubicin combined with GC7, we used CCK-8 assay to measure cell viability treated for 48 h with doxorubicin alone or doxorubicin plus GC7. ER-negative HCC1937 cells showed a higher sensitivity to doxorubicin in the presence of GC7. In contrast, no significant change in cytotoxicity of doxorubicin has been observed in ER-positive MCF-7 and Bcap-37 cells with or without GC7 ( Fig. 2A-C) . Furthermore, EdU incorporation assay was used to test the inhibition of cells proliferation after treatment for 48 h with doxorubicin alone or doxorubicin plus GC7. Consistent with data in CCK-8 assay, GC7 obviously significantly decreased the cell proliferation in ER-negative HCC1937 cells other than ER-positive MCF-7 and Bcap-37 cells (Fig. 2D-F) . Collectively, these data indicated that GC7 could enhance the sensitivity of ER-negative breast cancer cells to doxorubicin.
The doxorubicin-induced EMT can be reversed by GC7 in ER-negative breast cancer cells
In order to investigate whether doxorubicin can induce EMT in breast cancer cells, we detected the expression of epithelial ⁄ mesenchymal markers in breast cancer cells treated with doxorubicin for 48 h. As shown in Figure 3A , administration of doxorubicin significantly decreased the expression of E-cadherin, and enhanced the expression of Vimentin in HCC1937, MCF-7 and Bcap-37 cells. Interestingly, the expression of E-cadherin and Vimentin was reversed only in ER-negative HCC1937 treated with doxorubicin plus GC7, indicated that GC7 reversed the doxorubicin-induced EMT in ER-negative HCC1937 cells other than ER-positive MCF-7 and Bcap-37 cells (Fig. 3B-D) . Moreover, immunofluorescent staining also showed similar results which were consistent with the western blotting (Fig. 3E) . 
clinical prognosis often accompanied with resistance to traditional chemotherapeutic drugs [19] . Therefore, combination therapy based on traditional drugs is a promising approach to enhance the effects of chemotherapeutic drugs and relieve the associated adverse side- The activity and expression of eIF5A2 were determined with or without GC7 administration in three breast cancer cell lines. * P < 0.05. All experiments were performed at least three times.
effect. In the present study, we examined whether GC7, an inhibitor of eIF5A2 activation, could enhance the cytotoxicity of doxorubicin in human breast cancer cells. Interestingly, our data showed that GC7 significantly enhanced the chemosensitivity of ER-negative HCC1937 cells to doxorubicin other than ER-positive MCF-7 and Bcap-37 cells. Exploration of new therapeutics and molecular targets against breast cancer has drawn much attention. Recently, a novel designed cinnamide derivative YLT26 had been shown to induce breast cancer cells apoptosis via mitochondrial apoptotic pathway [20] . In addition, other research groups demonstrated that BAG-1 (bcl-2 associated athanogene) and miR181a could serve as potential therapeutic targets in breast cancer treatment [21, 22] . It is noteworthy to mention that, to our knowledge, this study is the first to demonstrate the ability of GC7 to sensitize breast cancer cells to doxorubicin in ER-negative breast cancer cells, which we think is of biological importance given its potential therapeutic intervention for ER-negative breast cancer patients.
Epithelial-mesenchymal transition may play a key role in the progression and acquired chemoresistance in many kinds of cancer, including breast cancer [11] . Molecular investigation revealed overexpression of the multi-drug resistance (MDR) gene detected in EMT cancer cells, which may be responsible for the resistance to chemotherapy [23, 24] . Recent studies showed that administration of doxorubicin induced the EMT and then resulted in the resistance to chemotherapy in breast cancer and pancreatic cancer [13, 25] . Our study found that doxorubicin significantly decreased the expression of E-cadherin, and increased the expression of Vimentin, thus promoting EMT process in all three breast cancer cell lines. However, GC7 treatment reversed the doxorubicin-induced EMT in ER-negative HCC1937 cells, while had little effect on ER-positive MCF-7 and Bcap-37 cells. These results demonstrated that the EMT induced by doxorubicin could be reversed by GC7 in ER-negative breast cancer cells.
Furthermore, we investigated the molecular mechanism underlying the reversal of EMT by GC7. The etiology of breast cancer involves a complex interplay of various factors, of which the accumulation of oncogenes and loss of tumor repressors are crucial events in the initiation and progression of breast cancer [26] [27] [28] . Recently studies found that EIF5A2 was aberrantly expressed in several types of tumor cells, including ovarian cancer, bladder cancer, hepatocellular carcinoma and colon cancer [15] [16] 29] . Further investigation demonstrated its involvement with the proliferation, invasion, metastasis and chemoresistance of tumor cells [13, 30] . Thus, eIF5A2, located on chromosome 3q, has been characterized as a novel oncogene. In our previous study, we measured eIF-5A2 expression and doxorubicin sensitivity in different human breast cancer cell lines and showed that eIF-5A2 plays an important role in doxorubicin chemoresistance in breast cancer cells [13] . However, the mechanisms of eIF-5A2 regulating this effect are rarely investigated. In the current study, we observed that eIF5A2 was a key factor in doxorubicin-induced EMT in ER-negative breast cancer cells. Moreover, our data showed that knockdown of eIF-5A2 by siRNA could alter the doxorubicin-induced EMT in ER-negative HCC1937 cells.
In conclusion, the present study showed that combined treatment with GC7 enhances the cytotoxicity of doxorubicin in breast cancer cells through inhibiting activation of eIF5A2 and preventing doxorubicin-induced EMT. Therefore, combination therapy with GC7 may contribute to a better therapeutic effect in doxorubicin-based chemotherapy for patients with estrogen receptor-negative breast cancer.
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